A well-defined insulating layer is of primary importance in the fabrication of passive (e.g. capacitors) and active (e.g. transistors) components in integrated circuits. One of the most widely known 2-Dimensional (2D) dielectric materials is hexagonal boron nitride (hBN).
An integrated circuit (IC) is an assembly of different electronic components, fabricated as a single unit, in which non-linear devices, such as transistors and diodes, and linear devices, such as capacitors and resistors, and their interconnections are all built up on the same substrate, typically silicon. Two-dimensional (2D) materials 1 are very attractive as building blocks for next-generation nanoelectronic devices as they offer straightforward integration with existing fabrication processes and they can be transferred on to any substrate, including plastic, allowing extending research into flexible electronics, which started with organic materials. [2] [3] [4] [5] [6] [7] [8] In addition, the ability to combine different 2D materials in heterostructures 9 allows the possible integration of a wide range of all-2D material devices in ICs. At present, a large family of 2D crystals has been isolated and new 2D materials are constantly being investigated. As such, a wide variety of unique and interesting electronic properties are available for exploitation.
Incorporating these materials into many-layered heterostructures allows an almost infinite combination of structures exploiting their unique properties, thereby enabling a large variety of electronic devices to be produced, connected and directly integrated. In this way, only one family of materials will be required for complete IC fabrication.
In order to produce 2D material based ICs, successful fabrication of a wide variety of working devices must be demonstrated using a simple technique. Inkjet printing provides an attractive method to tackle this problem: it allows maximum design flexibility, and it does not require expensive masks to be made or time-consuming resist process steps, as in traditional electronic fabrication. This allows for quick and easy integration of the various components into a fully-printed IC. Furthermore, inkjet printing is an additive and non-contact technique, which produces no material wastage and is compatible with almost any surface of interest, including flexible substrates. [10] [11] [12] Finally, in the case of 2D materials, inkjet printing can also be used to make fully printed heterostructures: all inkjet printed transistors 13, 14 , photodetectors 15 and memories 15 have been demonstrated. However, these devices are usually integrated with traditional components. Therefore, more work needs to be done to demonstrate an all-2D material fully-printed IC. In this framework, it is of fundamental importance to be able to fully inkjet print all components. In particular, passive components, such as capacitors, occur in large numbers within electrical systems, forming the basis of many sensors and circuits, and therefore must demonstrate high reliability and good performance. 16 often using evaporated gold as electrodes, as reported in Refs. 17 and 18 . As a result of high material quality and thickness in the few tens of nm, these devices are capable of achieving large capacitance; however, the methods are expensive and time-consuming. In addition, problems have been reported regarding residual polymer after film transfer 19 and leakage through the dielectric. 18 Solution based techniques have also been investigated for the fabrication of hBN-based capacitors: from hBN membranes made by vacuum filtration 20 to screen-printed hBN. 21 Both methods offer a low-cost approach for producing dielectric films, yet the processes offer poor design flexibility, high waste amounts, and generate thick films, thereby lowering the capacitance. Capacitor devices with inkjet-printed graphene electrodes and a spray-coated hBN dielectric were demonstrated in Ref. 22 . Whilst spray-coating produces thinner films compared with vacuum filtered membranes and screen printing, materials wastage remains high and device design is limited. Layer-by-layer (LBL) assembly of hBN films using complementary polymers allows for precise control of the film thickness and leads to ultrathin dielectrics, which demonstrate high capacitance. 23 However, the annealing temperatures required (600 °C) are too high for many flexible substrates, which often consist of polymeric films that would melt at such a temperature. 23 Notably, Ref. 13 showed an attempt to produce fully inkjet-printed hBN capacitor devices using Ag for the electrodes, obtaining a capacitance of 8.7 nF cm -2 for an hBN thickness of 1.2 µm. 13 In this work, we use water-based and biocompatible Gr and hBN inks to fabricate all-2D material and inkjet-printed capacitors. All inks have been produced using the same process and with the same ink solvent formulation already reported in our previous study, 15 where we also demonstrated the ink's biocompatibility. 
RESULTS AND DISCUSSION
Water-based and biocompatible graphene and boron nitride inks were prepared using liquid-phase exfoliation according to the protocol developed in our previous work. 15 The solvent formulation was specifically engineered to have the correct rheological properties for inkjet printing and to minimise remixing at the interface, allowing fabrication of heterostructures using only inkjet printing. The vertically-stacked Gr B /hBN/Gr T capacitors were fabricated by first printing the graphene ink (60 printed passes, at a concentration of ~2 mg ml -1 ) on to a pre-cleaned glass substrate (Fisher Scientific Clear Glass Slides, 1.0-1.2 mm thickness) to produce a ~0.15 mm by ~3 mm graphene rectangle, which acts as the bottom electrode (Gr B ). A glass substrate was chosen to avoid any parasitic capacitive effects that might be seen with SiO 2 . An hBN rectangle, with a width of ~0.5 mm and length in the range of 1-2 mm, was printed across the Gr B using 80 printing passes of hBN ink at a concentration of ~2 mg ml -1 . Finally, the top graphene electrode (Gr T ), with length ~3 mm, was printed in the centre of the hBN rectangle, perpendicular to the Gr B . In this work, the width of the Gr T (Δx T ) was varied incrementally between ~0.15 mm and ~1.28 mm, in order to investigate how the capacitance is changing with increasing overlapping area (A) between the graphene electrodes. The thicknesses of the deposited graphene and hBN films were measured using a profilometer (Supporting Information, Section 'Film Thickness Characterisation'), showing that for 60 printed passes of graphene, the electrode thickness is ~300 nm and for 80 printed passes of hBN, the dielectric film thickness is ~3 µm, with a roughness of ~700 nm.
Figure 1a
shows a schematic diagram of a Gr B /hBN/Gr T capacitor device. Figure 1b shows a magnified image of the active overlap area between the two graphene electrodes.
One can observe the uniformity in droplet deposition and the good separation between the Gr B , hBN and Gr T regions of the heterostructure i.e. there is no material intermixing at the interfaces. Re-mixing at the interface is prevented through inclusion of a shear-thinning biocompatible binder within the ink solvent formulation. 15 The shear-thinning nature of the binder ensures that, once deposited onto the substrate, the viscosity of the ink substantially increases, such that mixing between different 2D material inks is minimised within the heterostructure device. 15 An optical picture of 14 devices printed on glass is shown in Figure   1c . The impedance of the printed Gr B /hBN/Gr T capacitors has been characterised by means of a precision LCR meter (HP 4284A), working in the parallel R p -C p circuit mode, for which the modulus of the impedance, |Z|, is given by:
|Z| can also be expressed considering the equivalent circuit as in the inset of Figure 2a , where ω is the angular frequency, R ESR is the series resistance, C is the capacitance and R LEAK is a figure of merit of the leakage through the hBN dielectric. Figure 2a shows |Z| for a capacitor with C = 6 pF (measured at 1 kHz) up to 1 MHz (red circles) fitted via the R ESR , R LEAK and C parameters. As can be seen, R LEAK has a value >1 GΩ (negligible losses) and R ESR has a value of 90 kΩ, with ideal capacitor behaviour up to 10 5 Hz. An R ESR value of 90 kΩ corresponds well to the measured resistance values normally achieved for Gr electrodes deposited via inkjet printing using our water-based inks. 15 This value can be easily adjusted by changing the thickness and the width of the graphene electrodes. Refs. 18, 21, 22 . Indeed, as expected, the parameters of the equivalent parallel circuit representation (R p and C p ), depend on the frequency. 30 Figure 2b also shows that the C p for a given frequency increases with increasing overlap area, as expected in a capacitor realized with standard fabrication techniques. Similar results were reported in Ref.
22
: the larger the area, the larger the capacitance. Figure 3 shows the average capacitance value (measured at 1 kHz) plotted as a function of A/t, for each set of devices printed, on log-log scale. The data fitting (black line, Figure 3 ) highlights a linear increase in capacitance with increasing A/t, as expected using the parallel plate capacitor model. 30, 31 Following this model, the capacitance is given by:
where ε 0 is the electric constant of vacuum and ε r is the relative dielectric constant. Thus, the y-axes offset of the C vs. A/t data on the log-log scale ( Figure 3 ) gives ε 0 ε r . From the data in Figure 3 , we calculated a dielectric constant of 6.1, which is in agreement with that reported for CVD hBN and inkjet printed Ag/hBN/Ag capacitors. 13, 17 However, a strong discrepancy is observed with the points from Ref. 22 , which have the same slope, but different y-axes offset, and thus a different dielectric constant. Indeed, by performing a comparison with all data in literature, one can see a large spread of the dielectric constant values reported for hBN. We can divide the data into 3 groups: those with a dielectric constant of 2-4; 22, [32] [33] [34] [35] [36] [37] others, including our work, reporting a dielectric constant between 5 and 12 13, 17 and finally, one group reporting a dielectric constant of >200. 18 The data are summarized in Table S1 .
The reason why our dielectric constant is higher than that of bulk hBN could be attributed to the chemical composition (additives, residual solvent, etc.) and the morphology of the deposited films (e.g. a high interfacial roughness increases the real capacitor area, compared to the geometric area). Previous works have measured the dielectric constant of hBN membranes produced using inks based on N-Methyl-2-pyrrolidone (NMP) 22 or mixed solvents 38 , while our inks, although based on water, also contain stabilisers and additives. Table S2 .
The dielectric strength is comparable to that of hBN measured previously in our group through fabrication of a vacuum filtered membrane (2.5 MV cm -1 , in vacuum) 38 and in agreement with the range reported in literature for hBN (1.5-2.5 MV cm -1 ). 13, 32 We can also observe that the dielectric strength of the inkjet printed hBN films is comparable to that of well-known dielectric materials (Table S3) . 39 In particular, dielectric polymers have been widely used in electronic devices as a result of their amenability to solution-processing and low cost patterning techniques. A wide variety of chemical structures are available and careful control of the polymerisation reaction conditions enables the material characteristics and dielectric properties to be tuned. 40 As the dielectric strength and dielectric constant of our hBN films are comparable with that of dielectric polymers, hBN shows strong potential for use in organic electronics. We remark that hBN requires relatively high thickness compared to polymers; on the other side, many dielectric polymers (in particular, high-k polymers) are not suitable for inkjet printing due to their high viscosity and solubility in a limited number of solvents, which often are not suitable for inkjet printing (e.g. anisole, n-butyl acetate).
In order to study the yield of Gr B /hBN/Gr T capacitor devices fabricated through inkjet-printing, multiple devices (between 2 and 14) were printed for each selected value of overlap area. Devices showing a linear I-V characteristic i.e. behaved as a short circuit, were classified as non-functional. Short circuits are a result of occasional inconsistencies in the deposited film which occur when the inkjet printer nozzle becomes blocked. Additionally, in some instances, the leakage through the hBN dielectric was considered to be too high for the device to be truly classified as a functional capacitor. To be considered functional, we selected only devices satisfying the following condition: R LEAK > 10/(ωC). This condition ensures that the capacitive part of the impedance is prevalent over the resistive part. The corresponding data regarding the number of devices printed and the number of those devices that were functional across the various A/t ratios can be found in the supporting information (Table S4 ). The yield is dependent on the overlap area, but overall an average yield of 62% has been found. In order to demonstrate that the developed technology can be applied also in Field Effect Transistors and on flexible substrates, we have fabricated a Graphene-based Field Effect Transistor (GFET) printed on paper. In particular, paper is selected because it is one of the cheapest flexible substrates, which is also recyclable and foldable, and allows achievement of the best electrical performance with our inks. 15 The inset of Figure 4b shows the GFET layout, where source, drain and gate electrodes are printed with Ag ink, while the channel and the dielectric have been printed by means of graphene and hBN inks, respectively. The sketch of the longitudinal cross section is shown in the inset of Figure 4c .
The length and the width of the channel are 70 µm and 500 µm, respectively. 25 printed passes of hBN were deposited and the substrate used was paper (see Materials and Methods).
The transfer and the output characteristics are shown in Figure 4b and Figure 4c . As can be seen, the gate is able to modulate the current in the channel, while keeping the gate leakage always lower than 1 nA, in the whole range of applied gate voltages. More complex circuits can be made by increasing the library of printed components, such as diodes and high-mobility transistors.
CONCLUSIONS

MATERIALS AND METHODS
Ink Preparation:
Bulk graphite (purchased from Graphexel or Sigma-Aldrich, 99.5% grade) and bulk boron nitride (purchased from Sigma-Aldrich, >1 µm, 98% grade) powders were used to prepare the inks. The bulk powders were dispersed in de-ionised water (resistivity 18.2 MΩ cm -1 ) at a concentration of 3 mg mL -1 and 1-pyrenesulphonic acid sodium salt (PS1), purchased from Sigma-Aldrich, purity ≥ 97%, was added at a concentration of 1 mg mL -1 . The graphite and boron nitride dispersions were sonicated for 72 h and 120 h respectively using a 300 W Hilsonic HS 1900/Hilsonic FMG 600 bath sonicator at 20 °C.
The resultant dispersions were centrifuged at 3500 rpm (g factor = 903) for 20 minutes at 20
°C using a Sigma 1-14K refrigerated centrifuge in order to separate out and discard the residual bulk, non-exfoliated flakes. The remaining supernatant, now containing the correct flake size and monolayer percentage, was centrifuged twice to remove excess PS1 from the dispersion. After washing, the precipitate was re-dispersed in the printing solvent, made as described in Ref. 15 .
The concentration of the resultant inks were assessed using a Varian Cary 5000 UV-Vis spectrometer and the Beer-Lambert law, with extinction coefficients of 2460 (at 660 nm) and 1000 L g -1 m -1 (at 550 nm) for graphene 41 and hBN 42 , respectively. The inks used for printing were diluted to a concentration of 2 mg mL -1 .
Printing: A Dimatix DMP-2800 inkjet printer (purchased from Fujifilm Dimatix) was used to print the Gr B /hBN/Gr T capacitor devices onto glass microscope slides (Fisher Scientific Clear Glass Slides, 1.0-1.2 mm thickness) using a 16-nozzle cartridge with 23 µm nozzle diameter and typical droplet volume of 10 pL. The printer platen was heated to 60 °C and a drop spacing of 40 µm was utilised, as this gives the smaller sheet resistance for the printed film. 15 For both the top and bottom graphene electrodes, 60 printing passes were deposited and for the hBN dielectric layer 80 printing passes were deposited. A step-by-step annealing procedure was employed, in which the devices were annealed under vacuum for 2 hours at a temperature of 150 °C following the deposition of each layer in the Gr B /hBN/Gr T heterostructure stack.
The RC low-pass filter, also printed onto a glass slide substrate, is a combination of a Gr B /hBN/Gr T capacitor device with a printed graphene resistor. For the capacitor, the Gr B , hBN and Gr T films were deposited using 60, 70 and 60 printed passes of Gr, hBN and Gr ink respectively. For the resistor, a serpentine layout was produced using 5 printed passes of Gr ink.
A Gr-based field effect transistor was also printed onto a paper substrate (PEL P60, from
Printed Electronics Limited) using silver ink (1 printed pass, Sigma-Aldrich) for the source, drain and gate electrodes. Graphene ink was used to deposit the channel (25 printed passes) and hBN ink (25 printed passes) to fabricate the dielectric film. The channel has a length of 70 µm, a width of 500 µm and a resistance of 10 kΩ.
Characterisation: Line scans were taken to measure the thickness of the printed features using a Bruker Dektak XT Stylus Profiler (stylus radius of 12.5 µm, stylus force of 3 mg, scan speed of 100 µm s -1 , scan resolution of 0.33 µm). Gwyddion SPM analysis software was used to generate RMS roughness and effective surface area values from the 2D profilometry map data. In order to further study the surface topology of the printed films, AFM images were taken using a Bruker MultiMode 8 in PeakForce QNM mode with ScanAsyst-Air probes. Cross-sectional SEM images were taken using a Zeiss Sigma HV instrument.
Capacitance Measurements: I-V characteristics for the Gr B /hBN/Gr T capacitor devices were acquired using a Keithley 4200 Semiconductor Characterization System parameter analyser.
Capacitance data were collected in vacuum in the frequency range 1 kHz to 1 MHz using an HP 4284A Precision LCR meter with short-circuit and open-circuit correction (bias voltage, V b = 0 V and measurement voltage, V m = 1 V). Fitting was performed using an RC parallel circuit model. 43 The capacitor electrode has been connected to the measurement system through the tip of the probe station, touching a silver pad previously defined.
Dielectric constant measurements:
The hBN ink was assessed for use as a dielectric material through measurement of the dielectric constant. To measure the dielectric constant, a membrane was produced through vacuum filtration using the printable hBN ink. A total of 20 mg of hBN material was deposited, giving a membrane thickness of 170 µm. Gold contacts were evaporated onto either side of the membrane and a capacitance measurement was made, allowing the dielectric constant to be calculated using Equation 2 (Main Text).
The breakdown voltage and breakdown field were measured for 7 capacitor devices (electrode overlap area of 0.036 mm 2 , capacitance ~2 pF) using the Keithley 4200
Semiconductor Characterization System parameter analyser.
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